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GATE DRIVER WITH CONTINUOUSLY-VARIABLE CURRENT
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or voltage level input from an analog current-setting ter-
minal. This input current or voltage level may take a value
from a continuous range of current or voltage values.
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Description

[0001] The present application relates to a gate driver
which provides a gate drive current having a continuous-
ly-variable current level based upon an analog input.
[0002] Gatedriver circuits drive currents which are pro-
vided to control terminals (gates) of power devices. Ex-
amples of power devices that use such gate driver circuits
include power metal-oxide semiconductor field-effect
transistors (MOSFETS), insulated-gate bipolar transis-
tors (IGBTSs), galliumnitride (GaN) transistors, and silicon
carbide (SiC) MOSFETSs. The efficient use of power de-
vices within practical applications requires that an appro-
priate drive current be provided by gate driver circuits to
the power device gates.

[0003] Power devices perform most efficiently when
they are fully on (e.g., saturated) or fully off (non-con-
ducting). As a power device transitions between fully-on
and fully-off states, the power device incurs switching
losses that reduce efficiency. Switching losses may be
minimized by limiting the transition time for a power de-
vice. This generally requires that a relatively large current
be provided to a gate (control) terminal of a power device
when turning the power device on, and that a large cur-
rent be sunk from the gate (control) terminal when turning
off the power device. High current levels quickly charge
or discharge the gate capacitance of the power device,
thereby limiting the time spent transitioning the power
device between its fully-on and fully-off states. However,
the gate drive current levels may notbe increased without
limit, as the power device is only capable of handling
current below a certain level. Furthermore, generation of
the drive current incurs its own losses, which must be
traded off against the switch losses incurred during
switch transitions.

[0004] A given power device typically has an optimal
current gate drive level, and may have an acceptable
range of current levels around the optimal level. The op-
timal current level and an associated acceptable range
will vary from one power device to the next for the same
power device design, due to process variations in man-
ufacturing the power devices. For example, the channel
width, channellength, gate capacitance, etc. vary across
power devices on a given wafer and, potentially more
significantly, for the power devices on different wafers.
Due to these variations, it may be desirable to adjust the
gate drive current level for one or more power devices in
an application, at least if power efficiency is to be opti-
mized.

[0005] Power devices are used in a variety of circuit
applications. Common applications of power devices that
require gate drivers include half-bridge and full-bridge
circuits. (A full-bridge circuit is merely two half bridges
configured in parallel, and will not be further discussed.)
A half-bridge circuit includes a high-side and a low-side
switch (power device) connected in series between a
voltage source and a reference node, e.g., ground, and
are connected to each other at a switching node. Half-
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bridge circuits are commonly used in a variety of switched
mode power supplies, including buck converters, boost
converters, isolated flyback converters, and resonant
converters. The high and low-side switches are alternate-
ly switched, such that the high-side switch connects the
voltage source to the switching node during a first con-
ducting interval, and the low-side switch connects the
switching node to the reference node during a second
conducting interval. So as to avoid connecting the voltage
source directly to the reference node, the switches should
not conduct at the same time. This means that the first
and second conducting intervals must be separated by
a so-called "dead time," during which neither switch con-
ducts. The dead-time intervals should be minimized so
that a high percentage of each switching cycle may be
used for transferring power. Reducing the dead-time in-
tervals may be achieved by appropriate setting of the
gate driver currentlevel such thatthe gate control voltage
approximates a square wave as closely as feasible for
the associated power device.

[0006] Gatedriver circuitry and techniques that can set
optimal or near-optimal current levels for driving the gates
of power devices are desired.

[0007] According to an embodiment of a current-mode
gate driver circuit, the gate driver circuit comprises an
analog current-setting terminal, an adjustable current
generator, an output terminal for coupling to a gate ter-
minal of a power device, an output stage, and an input
control terminal. The analog current-setting terminal in-
puts a voltage or current level which is used by the ad-
justable current generator to generate a reference cur-
rentlevel. The input voltage or current is an analog signal
that may take any value within a continuous input range.
The reference current level similarly takes on any value
within a continuous reference current range. The output
stage is configured to source current to and/or sink cur-
rent from the output terminal, wherein the sourced and/or
sunk current level is based upon the reference current
level. A signal provided at the input control terminal
switches the output stage by setting the output stage to
source or sink current to the output terminal.

[0008] According to an embodiment of a current-mode
gate driver system, the system comprises a current-
mode gate driver circuit as described above, a controller,
and a power device. The controller is configured to pro-
vide a gate current control parameter to the analog cur-
rent-setting terminal of the current-mode gate driver cir-
cuit. This gate control parameter may be a control volt-
age, a control current, a control resistance, or some com-
bination thereof, and has a value within a continuous
range. The power device includes a gate terminal that is
driven by the output terminal of the current-mode gate
driver circuit. The gate terminal controls conduction be-
tween first and second terminals of the power device.
[0009] According to an embodiment of a method, the
method is performed within a current-mode gate driver
circuit that comprises an analog current-setting terminal,
an adjustable current generator, an output terminal for
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coupling to a gate terminal of a power device, an output
stage, and an input control terminal for switching the out-
put stage. The method begins with steps of inputting a
voltage or current level at the analog current-setting, and
setting a reference current level that follows the input
voltage or currentlevel. A currentdrive level for the output
stage is then set based upon the reference current level,
and a current having the current drive level is driven from
the output stage to the output terminal. The output stage
is switched based upon a control signal provided at the
input control terminal, wherein the provided control signal
determines whether the output stage should source cur-
rent to the output terminal or sink current from the output
terminal.

[0010] Those skilled in the art will recognize additional
features and advantages upon reading the following de-
tailed description, and upon viewing the accompanying
drawings.

[0011] The elements of the drawings are not neces-
sarily to scale relative to each other. Like reference nu-
merals designate corresponding similar parts. The fea-
tures of the various illustrated embodiments may be com-
bined unless they exclude each other. Embodiments are
depicted in the drawings and are detailed in the descrip-
tion that follows.

Figure 1illustrates a schematic diagram of a current-
mode gate driver.

Figure 2 illustrates a schematic diagram of current-
mode gate driver circuitry that uses current mirrors
within the output stage and that uses an external
resistor to set a reference current level.

Figure 3 illustrates a schematic diagram of current-
mode gate driver circuitry that uses an external volt-
age reference to set a reference current level.

Figure 4 illustrates a schematic diagram of current-
mode gate driver circuitry that uses an external cur-
rent source to set a reference current level.

Figure 5 illustrates a schematic diagram of current-
mode gate driver circuitry that uses an externally-
provided frequency to set a reference current level.

Figure 6 illustrates a schematic diagram of current-
mode gate driver circuitry that uses a duty cycle of
a pulse-width modulated (PWM) signal to set a ref-
erence current level.

Figure 7 illustrates a current-mode gate driver sys-
tem in which a controller sets a reference current by
using general purpose input/output (GPIO) pins.

Figure 8 illustrates a current-mode gate driver sys-
tem in which a controller sets a reference current
using pulse-width-modulated (PWM) signals.

10

15

20

25

30

35

40

45

50

55

Figure 9 illustrates a schematic diagram of current-
mode gate driver circuitry that uses a gate voltage
of areference power switch to set a pull-down current
level of an output stage.

Figure 10 illustrates a schematic diagram of current-
mode gate driver circuitry that uses a gate voltage
of a reference power switch to set a pull-up current
level of an output stage.

Figure 11 illustrates current-mode gate driver circuit-
ry that includes multiple output stage sub-circuits
which may be individually enabled to set an output
current level.

Figure 12 illustrates a method for providing a current-
based gate drive signal for a power device.

[0012] The embodiments described herein provide
gate driver circuits and associated methods for driving
current for gates (control terminals) of power devices.
Power devices, such as power metal-oxide semiconduc-
tor field-effect transistors (MOSFETSs), insulated-gate bi-
polar transistors (IGBTs), gallium nitride (GaN) transis-
tors, and silicon carbide (SiC) MOSFETS, are used for
switching relatively large currents as is necessary, e.g.,
to power motors and to provide switching in switched-
mode power supplies (SMPSs). SMPSs and other appli-
cations commonly arrange power devices in half and full-
bridge configurations. Regardless of the application, ef-
ficient use of a power device requires thatits gate (control
terminal) be driven with an appropriate current, i.e., a
current that is large enough to limit switching losses but
small enough that power used by the gate driver does
not negate the benefit of the large gate current and the
associated fast switch transitions.

[0013] The optimal gate drive currentwill vary fromone
power device to the next due, in part, to process variation
and/or the expected operating characteristics of the pow-
er device. For example, the gate drive current needs to
be adapted to the size of the power device that will be
driven, so as to match the gate capacitance, and asso-
ciated gate charge, for a particular power device. The
embodiments herein provide gate driver circuits wherein
the driven current may be determined from within a con-
tinuous range of possible currents, so that such an opti-
mal gate drive current may be set. Several current-mode
gate driver circuit embodiments are described below. All
of these embodiments include an analog current-setting
terminal that is used for programming a current level to
be driven by a current-mode gate driver. Depending upon
the specific embodiment, a current, voltage, or resistance
applied to such an analog current-setting terminal may
determine the gate drive current during operation of the
current-mode gate driver circuit.

[0014] In addition to a use case wherein the parameter
(current, voltage, or resistance) applied to the analog cur-
rent-setting terminal determines the gate drive current at
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the startup of an electrical system (e.g., SMPS circuit),
the gate drive currentmay also be adapted during normal
operation of the electrical system. Changes in the oper-
ation (e.g., current through the power device being
switched) or environment (e.g., temperature) may make
such adaptation advantageous to maintain optimal, or
near optimal, efficiency. For such use cases, the param-
eter applied to the analog current-setting terminal may
be varied during normal operation of the system making
use of the power device. For example, a controller may
set a voltage, current, or resistance provided to the an-
alog current-setting terminal and adapt this parameter in
response to changes in temperature, current through the
power device, etc.

[0015] The embodiments are described below by way
of several particular examples of current-mode gate driv-
ers, a system employing a current-mode gate driver, and
a method within a current-mode gate driver. These ex-
amples have the common feature that the current-mode
gate driver within each of them includes an analog cur-
rent-setting terminal, which is configured to set current
levels used for charging and/or discharging a gate of a
power device. A parameter (e.g., voltage, current, resist-
ance) provided at the analog current-setting input termi-
nal provides an electrical value within a continuous
range, and the gate current level(s) follow a voltage or
current level at this terminal. Hence, the gate current lev-
el(s) may also be set within a continuous range of cur-
rents and, notably, are not limited to a discrete set of
current levels as may be associated with a digital inter-
face to a gate driver circuit.

[0016] It should be understood that the below exam-
ples are not meant to be limiting. Circuits and techniques
that are well-known in the art are not described in detail,
so as to avoid obscuring unique aspects of the invention.
Features and aspects from the example embodiments
may be combined or re-arranged, except where the con-
text does not allow this.

[0017] The description continues below with an em-
bodiment of a current-mode gate driver circuit that in-
cludes an adjustable current generator and an output
stage. The adjustable current generator provides one or
more reference current levels to the output stage, and
current mirrors within the output stage use the reference
current level(s) to set one or more output current levels.
The output current associated with these levels may be
provided to a gate terminal of an external power device,
so as to source current to (pull-up) or sink current from
(pull-down) a gate of the power device. Described next
are several sub-embodiments of the adjustable current
generator, wherein the sub-embodiments provide differ-
ent circuits and techniques for setting the reference cur-
rent level of the adjustable current generator. A current-
mode gate driver system in which a controller provides
an analog signal to a current-mode gate driver circuit so
as to set the drive current of the gate driver is then de-
scribed. A further described embodiment of a current-
mode gate driver does notrely upon current mirrors within
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the output stage for setting the output current level, but
instead uses a controlled voltage across the gate of a
power switch within the output stage to set the output
current level. This is followed by a description of an em-
bodiment in which a continuously-valued parameter
(e.g., voltage, current) at the analog current setting input
terminal, or a variant thereof, is digitized within the cur-
rent-mode gate driver circuit and used to determine a
number of output stage sub-circuits to enable. Lastly, an
embodiment of amethod within a current-mode gate driv-
er circuit is described.

Current-Mode Gate Driver Circuit

[0018] Figure 1 illustrates an embodiment of a current-
mode gate driver circuit 100 comprising an adjustable
current generator 130, an output stage 170, an analog
current-setting terminal 110, an output terminal 120, and
an input control terminal 112. The current-mode gate
driver circuit 100 is configured to drive, from the output
terminal 120, a gate terminal (G) of a power device Qpr-
As illustrated, the power device QpyR is a power MOS-
FET external to the current-mode gate driver circuit 100,
but the current-mode gate driver circuit 100 could drive
other types of power devices and, in some implementa-
tions, the power device Qpyr and current-mode gate
driver 100 could be integrated.

[0019] The adjustable current generator 130 includes
a reference current generator 140, which generates a
reference current Iz that follows a voltage or current
levelinput atthe analog current-setting terminal 110. This
reference current lpgog is provided to a pull-up current
generator 150 and a pull-down current generator 160
which output, respectively, a pull-up reference current
Irer pu @nd a pull-down reference current Iggr pp- The
pull-up and pull-down reference currents Iger pys
Irer pp are based upon the reference current lpgog. For
example, and as explained in the following sub-embod-
iments, the current levels of the pull-up and pull-down
references Iger py, IR pp May be determined by mul-
tiplying the reference current lprg by pull-up and pull-
down factors.

[0020] The output stage 170 includes a pull-up driver
stage 180 and a pull-down driver stage 190, each of
which is connected to the output terminal 120. The pull-
up driver stage 180 provides a source current Ip, based
upon the pull-up reference current Igee py Which, in turn
is based upon the reference current | prog- The pull-down
driver stage 190 provides a sink current |pp based upon
the pull-down reference current Iggr pp Which, in turn, is
based upon the reference current lprog-

[0021] A control signal V1, provided at the input con-
trol terminal 112, switches the output stage 170 by de-
termining which of the pull-up and pull-down driver stages
180, 190 is activated. For an example in which the cur-
rent-mode gate driveris used within an SMPS, the control
signal V1 may be a pulse-width modulated (PWM) sig-
nal used for controlling the power output of the SMPS. A
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high voltage level, e.g., 5V, at the control input terminal
112 enables the pull-up driver stage 180, such that
source current Ip; is provided, via the output terminal
120, to the gate (G). The source current Ip|; charges a
gate capacitance of the power device Qpyr and raises
a gate voltage Vgp, thereby turning on the power device
Qpwr- Conversely, a low voltage level, e.g., OV, at the
control terminal 112 enables the pull-down driver stage
190, such that sink current lpp is sunk, via the output
terminal 120, from the gate (G). The sink current Ipp dis-
charges the gate capacitance of the power device Qpyg,
thereby lowering the gate voltage Vg and turning off the
power device Qpyr. As illustrated, the pull-down current
Ipp is sunk from the gate-drive output terminal 120 to the
output source terminal 122, which is coupled to a source
terminal (S) of the MOSFET Qp\yg and has a voltage Vs.
Only one of the pull-up and pull-down driver stages 180,
190 is enabled at once, and the output stage 170 may
include circuitry to insert a dead time interval at each
transition of the control signal V1 so as to ensure that
the pull-up and pull-down driver stages 180, 190 are not
enabled simultaneously.

[0022] As explained above, the current-mode gate
driver 100 sources the current I to the output terminal
120, or sinks the current Ipp from the output terminal 120,
so as to turn the power device Qpyr on or off. The source
and sink currents Ipy, Ipp need not be the same. While
both the source and sink currents lpy, Ipp in Figure 1 are
based upon a voltage or current at the analog current-
setting terminal 110, otherimplementations could include
separate analog current-setting terminals for setting the
source and sink current levels Ipy, Ipp.

Current-Mode Gate Driver Using Current Mirrors in the
Output Stage

[0023] Figure 2 illustrates a current-mode gate driver
200 similarto the gate driver 100 of Figure 1, butincluding
additional circuit detail. The reference current lprgg is
determined from an external programming resistor
Rprog coupled between the analog current-setting ter-
minal 110 and ground. An adjustable current generator
230 uses an internal voltage regulator to provide a set
voltage at the analog current-setting terminal 110 which,
in conjunction with a resistance of the programming re-
sistor Rprpg, determines the reference current lpgoc.
The analog current-setting terminal 110 is coupled to an
inverting input of a differential amplifier 240, such that
the set voltage follows an internally-generated reference
voltage Vggr that is coupled to a non-inverting input of
the differential amplifier 240. The reference current
IproG: Which takes a value of loggg = Vrer/Rprog: flows
through the MOSFET Q, and the external resistor
Rprog- The reference current lpgqg is relatively small,
at least in comparison to the source and sink currents
Ipy, Ipp provided at the output terminal 120, so as to limit
the power loss incurred in the MOSFET Q, and the pro-
gramming resistor Rprog-
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[0024] The reference current Ipgqg also flows through
a first current mirror 250, which provides a current trans-
fer multiplication of N and mirrors the reference current
Iprog to provide a pull-down reference current Iggr pp
=N* Iogroc- (It should be understood that a power source
supplies the currents for the first current mirror 250. For
ease of illustration, such a power source is not shown.)
The current mirror 250 may comprise a first MOSFET
through which lpgog flows, and N additional MOSFETs
arranged in parallel, wherein a current lprgg flows
through each of the N parallel MOSFETSs yielding the
output current Iger pp = N * Iprog, @s shown. Alterna-
tively, the current mirror 250 may include only a first MOS-
FET and a second MOSFET, wherein the size (channel
length and width) of the second MOSFET is larger than
that of the first MOSFET, such that the second MOSFET
provides a current N* Iog - In other alternatives, bipolar
junction transistors (BJTs) or other transistor types may
be used instead of MOSFETS. Because current mirrors
are generally well-known, further details are not provided
herein.

[0025] A second current mirror 260 has a replica of the
reference current Ipg g flowing through it. As illustrated
in Figure 2, such a replica may be provided by another
mirror branch (e.g., MOSFET) of the first current mirror
250. The second current mirror 260 provides a current
transfer multiplication of M, such that a mirrored pull-up
reference current Igxgg py =M * Iprgg flows through the
second current mirror 260. The factors M and N need not
be the same, and need not be integers.

[0026] The pull-up and pull-down reference currents
Irer pus IrRer pp are provided to the output stage 270.
The output stage 270 includes a pull-up current mirror
282, apull-up control switch Qc1 py, a pull-down current
mirror 292, and a pull-down control switch Qa1; pp-
[0027] The pull-up current mirror 282 is supplied from
an output-stage power source Vpyr os, has the pull-up
reference currentIger py flowing throughiit, and provides
a 1:K current transfer multiplication, such that a pull-up
current lpy = K* Iggg py flows from another branch of the
pull-up current mirror 282. A pull-up control switch
Q¢ py switchably couples the pull-up current I, of the
current mirror 282 to the output terminal 120, based upon
the control signal V1. When the pull-up control switch
Qc1L pu is turned on, the pull-up current Ip; flowing to
the output terminal 120 may be used to charge the gate
terminal of an external power device, such as the power
device QpyyR illustrated in Figure 1. As illustrated in Fig-
ure 2, the pull-up control switch Qe py is a p-channel
MOSFET, meaning a low voltage level must be applied
to its gate to turn the control switch Q1 py on. Other
switch types, e.g., n-channel MOSFET, BJT, IGBT, may
alternatively be used as a pull-up control switch that con-
trols whether or not current is sourced to the output ter-
minal 120.

[0028] The pull-down reference current Iggr pp flows
through the pull-down current mirror 292, which provides
a 1:H current transfer ratio such that a pull-down current
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Ipp = H ™ Iggr pp flows through another branch of the
pull-down current mirror 292 when the pull-down control
switch Qg1 pp is turned on. When the pull-down control
switch Qgr pp is turned on, the pull-down current Ipp
flows from the output terminal 120 so as to discharge the
gate terminal of an external power device, such as the
MOSFET Qpyp illustrated in Figure 1. As illustrated in
Figure 2, the pull-down control switch Qg1 pp is an
nMOSFET, but it should be understood that other switch
types, e.g., BJT, IGBT, may alternatively be used to con-
trol whether or not current is sunk from the output terminal
120.

Alternative Techniques for Setting the Reference Current

[0029] The current-mode gate driver 200 of Figure 2
uses an externalresistor Rpr o to setareference current
Iprog Which, ultimately, sets levels for the pull-up and
pull-down currents |p;, |pp that are used for sourcing
current to and sinking current from the gate terminal of
an external power device, e.g., the MOSFET Qpyg of
Figure 1. While the resulting reference current [pgog may
be precisely set and have minimal variation with temper-
ature, alternative techniques for setting the reference cur-
rent Iprog May be preferable in some applications. De-
scribed below are such alternative techniques for setting
the reference currentlpgoc. The circuits described below
are similar to the circuit for the current-mode gate driver
200 described above, and only those aspects that differ
are explained in detail.

[0030] Figure 3 illustrates a current-mode gate driver
300 that includes an adjustable current generator 330
having a circuit topology similar to that of the adjustable
currentgenerator 230 of Figure 2. However, the program-
ming resistor Rprag is internal to the adjustable current
generator 330, and the reference voltage provided to the
differential amplifier 240 is supplied from an external pro-
gramming voltage source 311 that is coupled to the an-
alog current-setting terminal 110. The reference current
Iprog and the pull-up and pull-down currents Ip, lpp
determined therefrom are set by the voltage level Vprog
ofthe voltage source 311. As compared with the topology
of current-mode gate driver 200, this technique has the
disadvantage that the reference current Iprgg may have
greater dependency on temperature as the resistance of
the internal programming resistor Rprog is affected by
temperature variation within the gate driver 300, but has
the advantage that no reference voltage source Vggp is
required within the current-mode gate driver 300. Such
a circuit 300 may be preferable in applications wherein
a programming voltage source 311 is readily available.
For example, a controller external to the current-mode
gate driver 300 may provide the analog voltage Vprog
using a digital-to-analog converter (DAC). Such a DAC-
provided programming voltage Vprog could be initially
determined during a calibration phase, and could further
be adjusted as needed during operational mode so as to
maintain optimal pull-up and pull-down currents Ipy, Ipp.
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[0031] Figure 4 illustrates a current-mode gate driver
400 including an adjustable current generator 430 that
requires no internal voltage regulator. Instead, the
reference current lprgg is set by a current source 411
external to the current-mode gate driver 400. By
removing the circuitry, e.g., differential amplifier 240 and
MOSFET Q,, associated with an internal voltage
regulator, the current-mode gate driver 400 is simpler
(smaller and cheaper) than the gate drivers described
previously. Control of the reference current level lpgog
from an external current source 411 may be preferred in
applications wherein such a current source 411 is readily
available, and may have a further advantage when the
current source 411 is adjustable such that the pull-up and
pull-down currentlevels I, [pp may be setto appropriate
levels during a calibration phase and may be further
adjusted during operational modes such that the external
power switch Qp\yr is switched in an optimal manner,
e.g., by setting the current level Ipgqg of the current
source 411 from a controller.

[0032] Figure 5 illustrates a current-mode gate driver
500 using yet another technique for setting the reference
current Ioprog- The analog current-setting terminal 110
is configured to input a waveform Vegq, such as a PWM
waveform, having a discernible frequency. A frequency-
to-current converter 542 within the adjustable current
generator 530 determines a frequency of the waveform
VErq @nd converts this frequency into a current level set-
ting of an internal current source 543 that provides the
reference current Iprpog. This current-mode gate driver
500 may be preferable in applications in which a PWM
waveform, such as the illustrated Vegrq, is readily avail-
able.

[0033] Figure 6 illustrates a current-mode gate driver
600 that uses yet a further technique for setting the ref-
erence current lprpog. The analog current-setting termi-
nal 110 is configured to input a PWM waveform Vpym
that is used for setting the reference current level lpgoc.-
A low-pass filter 646 within the adjustable current gen-
erator 630 filters the PWM waveform Vpyy, to provide a
filtered voltage level. A voltage-to-current (V-to-l) con-
verter 644 uses the filtered voltage level to set a current
level for the reference current Ipgpg, as provided by a
current source within the V-to-I converter 644. (For ease
of illustration, such a current source is not explicitly
shown.) The current-mode gate driver 600 may be pref-
erable in applications wherein a PWM waveform Vpyu
having an adjustable duty cycle is readily available.
[0034] The current-mode gate driver 200 of Figure 2
uses a programming resistor Rprog to set the reference
current Iprpg- Relative to the embodiments of Figures
3-6, the circuitry 200 has a disadvantage that the refer-
ence current I[pgog cannot be readily adjusted, e.g., by
a controller. The embodiments described below with ref-
erence to Figures 7 and 8 provide techniques in which
the reference current logog can be setand adjusted using
a controller, in conjunction with an external resistance.
[0035] Figure 7 illustrates a current-mode gate driver
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system 702 including a controller 704, a current-mode
gate driver 200, and a power device Qp\yr. Whereas the
reference current Ipgrgg Of the current-mode gate driver
200 was previously described as being determined by a
programming resistor Rprog coupled between the ana-
log current-setting terminal 110 and ground, the system
702 of Figure 7 includes a controller 704 which may adjust
the reference current Ipgrgg. Such adjustments may be
made during an initial calibration stage and during oper-
ation of the system 702, via appropriate usage of general-
purpose input/output (GPIO) terminals of the controller
704 and the resistors Rp4, Rpy, ... Rpn-

[0036] In a first sub-embodiment, the GPIO terminals
may be used to connect some or all of the resistors Rpj,
Rpo, .- Rpytoground. The resistance offered by the con-
nected resistors and R, provides an effective program-
ming resistance Rprgg for setting the reference current
lprog- @s described above in relation to Figure 2. For
example, the controller may connect the resistor Rp, to

ground by setting GPIO_2 low, and leave the remaining
GPIO pins tri-stated. A programming resistance given by

Rrroc = (R1 || Rp2) = ﬁ

R1 " Rpz Jetermines the ref-

VREF
erence current according to lpgrgg = (RLI[RD2) the

controller 704 may ground additional GPIO pins to intro-
duce additional resistors into Rprpg, thereby reducing

the resistance Rprpg and increasing the reference cur-
rent Iprog, as needed.

[0037] In a variation of the first sub-embodiment de-
scribed above, the controller 704 may also adjust the
reference current Iprgg by driving GPIO pins to a high
level. For example, GPIO_1 could be set to a high level
V44, corresponding to the power source of the controller

704. A current flowing through the resistor Rp¢ takes a

los = Vaa —Vrer
b1~ ™ (RrD1
value of (RD1) . Acurrent |, flowing through
— VrEF
R, is given by , which leaves the reference
lero = 11 = Ipg = VRer _Vaa —VReF
current (R1) (RD1) . As-

suming V4 is greater than Vrgp, resistors Rp, may be
connected to V44 in thisway so as to reduce the reference
current lpgrog. The controller 704 may set additional
GPIO pins high to increase the current flowing through
the resistors Rp,, thereby decreasing the reference cur-

rent lprog-
[0038] The GPIO pins of the controller 704 may be set
to a mixture of low levels, high levels, and tri-state (open)
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levels. The resistors Rp4, Rp,, ... Rpy may be chosen to
have different resistances. By using different resistances
and a mixture of GPIO states, the controller 704 may use
the analog current-setting terminal 110 to adjust the ref-
erence current Iogog to many levels beyond that provid-
ed by a single external resistor Rprpg, as provided in
Figure 2. While the resistor R is illustrated as external
to the current-mode gate driver 200, it may also be lo-
cated within the gate driver 200.

[0039] Achieving several adjustment levels using the
controller 704 requires the use of numerous GPIO pins.
Figure 8 illustrates an embodiment of another current-
mode gate driver system 802. This system 802 includes
a controller 804 that drives a PWM signal PWM_1 for
setting the reference current Ipggc. A low pass filter 806
filters the PWM signal PWM_1 output from the controller
804, providing an output voltage that determines the cur-
rentlpy4 through the resistor Rp4. While only asingle PWM
output is shown in Figure 8, a controller 804 may provide
multiple PWM outputs. Due to the required low-pass fil-
tering to achieve a DC (or near DC) signal, usage of a
PWM output for controlling the reference current lprgg
is most appropriate for applications in which the refer-
ence current g does not need to be dynamically ad-
justed during operation of the system 802, or in applica-
tions in which a relatively slow adaptation is acceptable.
[0040] In another alternative, the controller 804 may
include a (non-PWM) digital-to-analog converter (DAC)
that directly outputs a voltage that determines, in con-
junction, e.g., with the resistors Ry and R4, the reference
current lprog-

Techniques That Use Power Switch Gate Voltages to
Set Current Levels

[0041] The current-mode gate drivers described above
use current mirrors within an output stage to set pull-up
and pull-down current levels used to source current to
and sink current from the gate terminal of a power device
(switch). Pull-up and pull-down control switches are used
in a binary manner to determine whether to source or
sink current, but do not determine the current levels used.
In an alternative embodiment described below, power
switches within an output stage are used to set pull-up
and pull-down current levels by precisely controlling volt-
ages applied to the gate (control) terminals of the pull-
up and pull-down power switches. This embodiment pro-
vides an advantage over the embodiments described
previously in that current mirrors are not required within
the output stage.

[0042] Figure 9 illustrates a current-mode gate driver
900 that includes an adjustable current generator 930
and a pull-down output stage 990. An external current
source 411 is coupled to the analog current-setting ter-
minal 110, but it should be understood that the previously-
described circuits and techniques may similarly be used
for providing the reference current lpgog. While notillus-
trated, it should also be understood that the current-mode
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gate driver 900 may also include a pull-up output stage
that is coupled to the output terminal 120.

[0043] The adjustable current generator 930 includes
a first switch Q4, a second switch Q,, a resistor Rg and
a current mirror 250. As illustrated, the first and second
switches Q4 and Q, are MOSFETSs which operate in their
saturation regions. With the first switch Q4 operating in
its saturation region, the current lprgg flowing from its
drain to its source terminals determines the gate voltage
Vgg of the switch. The current I flowing through the sec-
ond switch Q, is determined by the gate voltage Vg5 and

= Ves

RG  The current

the resistance Rg according to
Ig flows through the current mirror 250, which provides
a current transfer multiplication of N, thereby providing a
current N x |5 to the pull-down output stage 990.

[0044] The current N x I flows through a resistor hav-
Re
ing a resistance N within the pull-down output stage
990. This sets the gate-to-source voltage Vg on the pull-
down power switch Qpyr pp to be the same as the gate-
to-source voltage Vg of the first switch Q. If the pull-
down power switch Qpyr pp and the first switch Q4 are
the same (e.g., fabricated with the same process tech-
nology and size), their drain-to-source currents will be
the same. In the preferred embodiment that is illustrated,
the pull-down power switch Qpyr pp is larger than the
first switch Q, such that the drain_-to-source current of
the pull-down power switch Qpyr pp is H times that of
the first switch Q4, for a given gat_e voltage, leading to
the current H x Ipr g g flowing through the pull-down power
switch Qpyr pp. The multiplication factor of H may be
accomplishea by implementing the pull-down power
switch Qpywr pp @s H individual MOSFETSs in parallel,
each of whicr_1 is the same as the first switch Q4, or by

increasing the channel width of the pull-down power
switch Qpyyr pp relative to that of the first switch Q4. The

resultant current H x Ipgog Mmay be used to sink current

from, and thus discharge, via the output terminal 120,
the gate terminal of a power device such as the MOSFET
Qpyyr illustrated in Figure 1.

[0045] The current mirror 250 allows for relatively small
currents lprog and Ig to be used effectively. Relative to
a topology having no such current mirror, ohmic losses
are reduced within the first switch Q4, the second switch
Q,, and the resistor Rg.

[0046] As explained previously in relation to Figure 2,
the pull-down control switch Q.1 pp determines, based
upon the control signal V1, provided at the control ter-
minal 112, when current is to be sunk from the output
terminal 120. In a typical implementation, a low level,
e.g., 0V, at the control terminal 112 will turn on the control
switch Qc1. pp, thereby enabling the pull-down current
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Ipp = H X Iprog to be sunk from the gate-drive output
terminal 120.

[0047] Figure 10 illustrates an embodiment of a cur-
rent-mode gate driver 1000 that uses some techniques
that are common to those of the current-mode gate driver
900 including, notably, that the gate-to-source (control)
voltage of a reference switch is controlled by a reference
current lprg g, and this gate-to-source voltage is replicat-
ed at a power switch to control the current level provided
by the gate driver. As described below, the current-mode
gate driver 1000 also includes some variations of the
previously-described gate driver circuitry. For ease of ex-
planation and illustration, the current-mode gate driver
1000 only shows an output stage having a pull-up capa-
bility. It should be understood that a typical power device,
e.g., the MOSFET QpyR of Figure 1, will have another
associated gate driver circuit for providing a pull-down
gate drive capability, or that a pull-down output stage,
such as or similar to the pull-down output stage 990 il-
lustrated in Figure 9, may also be included within the
current-mode gate driver 1000.

[0048] The current-mode gate driver 1000 includes a
pull-up output stage 1080 and an adjustable current gen-
erator 1030. An external current source 411 is coupled
to the analog current-setting terminal 110, but it should
be understood that the previously-described circuits and
techniques may similarly be used for providing the refer-
ence current lprog-

[0049] The adjustable currentgenerator 1030 includes
a first switch Q4, a second switch Q,, a resistor R, an
operational amplifier 1040 and a current mirror 260 for
providing a pull-up reference current M x I to the pull-
up output stage 1080. In contrast to the switches of the
adjustable current generator 970 illustrated in Figure 9,
the switches Q, Q, of Figure 10 are p-channel MOS-
FETs (PMOSFETSs). The first and second switches Q;
and Q, operate in their saturation regions when the cur-
rent source 411 supplies the reference current lprgc.
With the first switch Q, operating in its saturation region,
the current Ipgog flowing from its source to its drain ter-
minals determines the gate voltage Vg of the switch Q.
The operational amplifier 1040 sets the voltage at the
bottom of the resistor Rg, i.e., at the source of the second
switch Qy, to be the same as the drain voltage of the first
switch Q4. With the gate and drain of the first switch Q,
tied together, this forces the voltage across Rg to be the
same as the gate-to-source voltage Vg across the first
switch Q. The operational amplifier 1040 provides iso-
lation between the drain of the first switch Q4 and the
source of the second switch Q,, while maintaining a com-
mon voltage at these nodes.

[0050] The level of current I flowing through the sec-

ond switch Q, is determined by the gate voltage Vgg and
= Yes

the resistance Rg according to Rc . Note that,

because the first switch Q, is a pMOSFET operating in
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its saturation region, the gate-to-source voltage Vg will
actually be negative, such that the current |5 is positive
in the direction illustrated. The current |5 flows through

the current mirror 260, which provides a current transfer
multiplication of M, thereby providing a pull-up reference
current I, = M x |5 to the pull-up output stage 1080.

[0051] The pull-up output stage 1080 includes a cur-
rent mirror 1082, a pre-driver 1084, and a pull-up power
switch Qp\yr py- The pull-up current level Ip, is based
upon a gate-to-source voltage Vpy; gg of the pull-up pow-
er switch Qpyr py Which is determined, in part, by the
reference current Ipgog. More particularly, the gate-to-
source voltage Vp; gg is set to the gate-to-source volt-
age Vg, gs Of the first switch Q within the adjustable
current generator 1030, when the control voltage V.
at the control terminal 112 indicates that the pull-up cur-
rent should be turned on (active). Note that the pull-up
output stage 1080 does not include an explicit control
switch such as the pull-down control switch Qe pp Of
Figure 9. Instead, the pre-driver 1084 performs the con-
trol switching in conjunction with the pull-up power switch

QpwRr_PU-
[0052] The pull-up reference current Iger py =M x g

flows through the mirror switch Q3 and a resistor R4 hav-
Re

ing a resistance M . The resultant voltage across the

resistor Ry is the same as the gate-to-source voltage

Va1_gs of the first switch Q4 within the adjustable current

generator 1030. The current mirror 1082 includes anoth-
er switch Q4, which is larger than the switch Q5, such

that the current through the switch Q, is K1 times that of

the current Iggr_py through the switch Q. A resistor R,
Rg

connected to the mirror switch Q4 has aresistance M*K1

, such that the voltage across the resistor R, is also the
same as the gate-to-source voltage Vg, gg of the first
switch Q4. With the same voltage Vq, G_S across each
of the resistors Ry and R, the gate-to-_source voltages
of the switches Q5, Q, within the current mirror 1082 are
the same, so as to maintain a current ratio of 1:K1 for the
currents flowing through these switches Q;, Q4. The
switch Q, is configured to provide a high current level,
as compared to the switch Q5, so that the pre-driver 1084

has a large current source for driving the gate of the pull-
up power switch Qpyr py-

[0053] The pre-driver circuit 1084 provides a floating
supply for driving the pull-up power switch Qpywr pu-
Based upon the control signal V. provided at the con-
trol input terminal 112, the pre-driver 1084 sets the volt-
age at the gate of the pull-up power switch Qp\yr py to
be the same as the source voltage of the pull-up power
switch Qpywr py, Or to be set to a voltage lower than the
source voltage by the magnitude of Va1 gs- (For the
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PMOSFET switches Q,, Qpyr py illustrated, the gate-
to-source voltages Vo1 gs, Vpy s Must be negative to
turn on these switches.) The pull-up power switch
Qpwr pu is configured to provide a current K2 times that
of the first switch Q,, e.g., via appropriate design of the
channel widths within these switches, so that a pull-up
current Ipy = K2 x lprog is provided to the gate-drive
output terminal 120.

Use of Multiple Dynamically-Enabled Gate Driver Cir-
cuits

[0054] The previously-described circuits provide out-
put pull-up and pull-down current levels for sourcing cur-
rentto or sinking current from the gate terminal of a power
device, wherein the currentlevels may be setto any value
within a continuous range of output values. Described
below are circuits having multiple pull-up driver stage cir-
cuits, which may be individually enabled to achieve dif-
ferent pull-up and pull-down current levels. While the out-
put current levels may come from a discrete set of output
current levels, these levels are still determined based
upon a voltage or current at an analog current-setting
terminal, wherein this input voltage or current takes on a
value from within a continuous range. Hence, the circuit
of Figure 11 which is described below maintains the ad-
vantage that the drive current may be set based upon a
single analog input, i.e., multiple terminals are not re-
quired and a digital interface is not required.

[0055] Figure 11 illustrates a current-mode gate driver
1100 thatincludes a pull-up driver output stage 1190 hav-
ing multiple sub-circuits 1190a, 1190b ... 1190p. The pull-
up currentlevel Ip; may be determined based upon some
number of pull-up output stage sub-circuits that are en-
abled. The number of enabled sub-circuits may be set
according to a reference current Ipggg, as described in
the previous embodiments. (For ease of illustration, pro-
vision of the reference current Ipgog is not illustrated in
Figure 11, butit should be understood that the techniques
described previously may be used for setting the current
level Ipgpg-) While the circuit of Figure 11 shows only
the pull-up portion of an output driver stage, the circuitry
may be readily extended to include pull-down circuitry.
[0056] The current-mode gate driver 1100 additionally
includes a first current mirror 1150, an analog-to-digital
converter (ADC) 1158, a floating supply 1196, and a sec-
ond current mirror 1160. The first current mirror 1150
provides currenttranslation ratios of N1 and N2. A current
N1 x Iprog is output from the first current mirror 1150
and provided to the ADC 1158. A current N2 X lprog iS
output from the first current mirror 1150 and provided to
the second current mirror 1160. The second current mir-
ror 1160 has a variable current translation ratio 1:m, and
provides the pull-up reference current lger g, to the float-
ing supply 1196. The ADC 1158 digitizes the reference
current lpgrog and supplies digital values to the second
current mirror 1160 and the pull-up driver output stage
1190.
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[0057] In a first sub-embodiment, the second current
mirror 1160 sets the current translation ratio m such that
the pull-upreference currentIrgr py is atadesired value,
or at least within a desired range. Such a desired current
may be determined based upon a desired current that
flows through each of the pull-up driver output stage sub-
circuits 1190a, 1190b, ... 1190p. Accordingly, the value
m may be inversely related to the current mirror select
(digital) signal provided from the ADC 1158. In a second
sub-embodiment, the reference current Iggr py may be
set to a fixed value by an internal current source (not
shown for ease of illustration). For such an embodiment,
neither the second current mirror 1160 nor the N2 output
branch of the first current mirror 1150 is necessary.
[0058] The pull-up driver output stage 1190 inputs a
pull-up stage select signal and uses this (digital) signal
to determine how many sub-circuits 1190a, 1190b, ...
1190p to enable. For example, the pull-up driver output
stage 1190 may include 16 sub-circuits. When the refer-
ence current lpgog is at (or below) a minimum value with-
in its expected range, the ADC 1158 may output a pull-
up stage select signal of 0 and the pull-up driver output
stage 1190 may enable only one of its sub-circuits. A
pull-up current Ip, = Iggr py Will be provided to the gate-
drive output terminal 120. When the reference current
Iprog is at (or above) a maximum value within its expect-
edrange, the ADC 1158 may output a pull-up stage select
signal of 15 and the pull-up driver output stage 1190 may
enable all 16 of its sub-circuits. With a select signal of
15, a maximum pull-up current of Ip; = 15*Iggr py Will
be provided to the gate-drive output terminal 120.
[0059] In an exemplary embodiment, the floating sup-
ply 1196 may be implemented using circuitry similar to
that illustrated in Figure 10. A controlled gate-to-source
voltage may be available to each of the pull-up driver
output stage sub-circuits 1190a, 1190b, ... 1190p. Each
of the sub-circuits includes a pre-driver, such as the pre-
driver 1084 of Figure 10. The pull-up stage select signal
may be provided to a 4-to-16 multiplexor (not shown for
ease of illustration) within the pull-up driver output stage
1190. The outputs of such a multiplexor are used as con-
trol inputs for the pre-drivers.

Method for Voltage Conversion Using Interleaved Half
Bridges

[0060] Figure 12 illustrates a method 1200 for provid-
ing a gate drive current based upon a voltage or current
at an analog current-setting terminal. This method may
be implemented within a current-mode gate driver circuit,
such as the current-mode gate driver circuit 100 illustrat-
ed in Figure 1 and the variant circuits described previ-
ously. The voltage or current at the analog current-setting
terminal takes a value within a continuous range of val-
ues, and that value is used for determining the current
level that is driven.

[0061] The method 1200 begins with a step of inputting
1210 a voltage or current level at the analog current-
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setting terminal. A reference current level is set 1212 to
follow the input voltage or current level. A current level
for an output stage of the gate driver is then set 1214
based upon the reference currentlevel. The output stage
may be a pull-up output stage, a pull-down output stage,
or include both pull-up and pull-down output stages. The
output stage is then switched 1216, such that the output
current level is driven to an output terminal of the gate
driver, based upon a control signal provided at an input
control terminal. For example, a pull-up current level of
a pull-up output stage may be sourced to the output ter-
minal when the input control signal indicates that drive
current should be sourced to turn on a power device such
as the MOSFET Q4 of Figure 1. Conversely, a pull-down
current level of a pull-down output stage may be sunk
from the output terminal when the input control signal
indicates that drive current should be sunk from the out-
put terminal so as to turn off a power device such as the
MOSFET Q, of Figure 1.

[0062] An embodiment of a current-mode gate driver
circuitincludes an analog current-setting terminal, an ad-
justable current generator, an output terminal, an output
stage, and an input control terminal. The adjustable cur-
rentgenerator has aninput coupled to the analog current-
setting terminal and is configured to generate a reference
current level that follows a voltage or current level at the
analog current-setting terminal. The output terminal is
configured for coupling to a gate terminal of a power de-
vice. The output stage is configured to drive the output
terminal based upon the reference current level. The in-
put control terminal is configured to provide switching for
the output stage.

[0063] According to any embodiment of the current-
mode gate driver circuit, the output stage may include a
pull-up current mirror coupled in series with a pull-up con-
trol switch, a pull-down pull-up current mirror coupled in
series with a pull-down control switch, or both a pull-up
current mirror coupled in series with a pull-up control
switch and a pull-down pull-up current mirror coupled in
series with a pull-down control switch. The pull-up switch
device provides a switchable connection between the
pull-up current mirror and the output terminal. The pull-
down switch device provides a switchable connection be-
tween the pull-down current mirror and the output termi-
nal. The pull-up current mirror is configured to source
current, to the output terminal and through the pull-up
switch device, based upon the reference current level.
The pull-down current mirror is configured to sink current,
from the output terminal and through the pull-down switch
device, based upon the reference current level.

[0064] According to any embodiment of the current-
mode gate driver circuit, the adjustable current generator
provides, to the output stage, a pull-up reference current
that is a factor of N greater than the reference current.
[0065] According to any embodiment of the current-
mode gate driver circuit, the adjustable current generator
provides, to the output stage, a pull-down reference cur-
rent that is a factor of M greater than the reference cur-
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rent. The factors M and N may be the same or different.
[0066] According to any embodiment of the current-
mode gate driver circuit, a pull-up current mirror within
the output stage is configured to source current to the
output terminal that is a factor of K greater than a pull-
up reference current.

[0067] According to any embodiment of the current-
mode gate driver circuit, a pull-down current mirror within
the output stage is configured to sink current from the
output terminal that is a factor of H greater than a pull-
down reference current.

[0068] According to any embodiment of the current-
mode gate driver circuit, the adjustable current generator
includes an amplifier and an adjustable currentgenerator
switch. The amplifier has a non-inverting input, an invert-
ing input and an amplifier output. The adjustable current
generator switch has a control terminal coupled to the
amplifier output, a first terminal coupled to an inverting
input of the amplifier, and a second terminal. A current
having the reference current level flows through the ad-
justable current switch. In a first sub-embodiment, the
non-inverting input is coupled to a reference voltage, the
inverting input is coupled to the analog current-setting
terminal which is configured for coupling to an external
programming resistor, and the reference current level is
set based on the reference voltage and a resistance of
the external programming resistor. In a second sub-em-
bodiment, the inverting input is coupled to a ground via
a programming resistor, the non-inverting input is cou-
pled to the analog current-setting terminal which is con-
figured for coupling to an external reference voltage, and
the reference current level is based on the external ref-
erence voltage and a resistance of the programming re-
sistor.

[0069] According to any embodiment of the current-
mode gate driver circuit, the analog current-setting ter-
minal is configured for connection to an external current
source, and the reference currentlevel is set by a current
of the external current source.

[0070] According to any embodiment of the current-
mode gate driver circuit, the analog current-setting ter-
minal is configured to input a pulse-width-modulated
(PWM) signal. In a first sub-embodiment, a frequency-
to-current converter is configured to convert a frequency
of the PWM signal into a current having the reference
current level. In a second sub-embodiment, a duty cycle
of the PWM signal is converted into a current having the
reference current level. The second sub-embodiment
may furtherinclude a low-pass filter which filters the PWM
signal before it is converted into the current.

[0071] According to any embodiment of the current-
mode gate driver circuit, the output stage includes a plu-
rality of pull-up switch devices and an analog to digital
converter (ADC). The ADC is configured to output a dig-
ital value based upon the reference current level and the
digital value determines a number of the pull-up switch
devices to activate.

[0072] According to any embodiment of the current-
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mode gate driver circuit, the adjustable current generator
comprises a first switch through which the reference cur-
rentflows, thereby generating a reference voltage across
gate and source terminals of the first switch. The output
stage comprises a power switch configured such that a
power switch voltage across gate and source terminals
of the power switch determines a drive current level of
the output stage. The power switch voltage follows the
reference voltage.

[0073] A current-mode gate driver system includes a
controller, a power device, and a current-mode gate driv-
er. The controller is configured to provide a gate current
control parameter at a control output, wherein the current
control parameter is at least one of a control voltage, a
control current, or a control resistance. The power device
includes a gate terminal that controls conduction be-
tween a first power device terminal and a second power
device terminal. The current-mode gate driver circuit may
comprise any of the embodiments of the current-mode
gate driver circuits described above.

[0074] An embodiment of a method for driving a gate
is provided within a current-mode gate driver circuit. The
current-mode gate driver circuit comprises an analog cur-
rent-setting terminal, an adjustable current generator, an
output terminal for coupling to a gate terminal of a power
device, an output stage, and an input control terminal for
switching the output stage. The method includes input-
ting avoltage or currentlevel at the analog current-setting
terminal. A reference current level is set that follows the
input voltage or current level. A current drive level for the
output stage is set based upon the reference current lev-
el. A current having the current drive level is driven from
the output stage to the output terminal. The output stage
is switched based upon a control signal provided at the
input control terminal.

[0075] Some ofthe aspects explained above are briefly
summarized in the following with reference to numbered
examples.

[0076] Example 1. A current-mode gate driver circuit,
comprising: an analog current-setting terminal; an ad-
justable current generator having an input coupled to the
analog current-setting terminal and configured to gener-
ate a reference current level that follows a voltage or
current level at the analog current-setting terminal; an
output terminal for coupling to a gate terminal of a power
device; an output stage configured to drive the output
terminal based upon the reference current level; and an
input control terminal for switching the output stage.
[0077] Example 2. The current-mode gate driver circuit
of example 1, wherein the output stage comprises a pull-
up current mirror coupled in series with a pull-up switch
device, wherein the pull-up switch device provides a
switchable connection between the pull-up current mirror
and the output terminal, and wherein the pull-up current
mirror is configured to source a current, to the output
terminal and through the pull-up switch device, based
upon the reference current level.

[0078] Example 3. The current-mode gate driver circuit
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of example 1 or 2, wherein the output stage comprises
a pull-down current mirror coupled in series with a pull-
down switch device, wherein the pull-down switch device
provides a switchable connection between the pull-down
current mirror and the output terminal, and wherein the
pull-down current mirror is configured to sink a current,
from the output terminal and through the pull-down switch
device, based upon the reference current level.

[0079] Example 4. The current-mode gate driver circuit
of example 3, wherein the adjustable current generator
provides, to the pull-up current mirror, a pull-up reference
current that is a factor of M greater than a reference cur-
rent having the reference current level, and provides, to
the pull-down current mirror, a pull-down reference cur-
rentthatis a factor of N greater than the reference current.
[0080] Example5. The current-mode gate driver circuit
of example 4, wherein M and N are different.

[0081] Example 6. The current-mode gate driver of ex-
ample 4 or 5, wherein the pull-up current mirror is con-
figured such that the current sourced to the output termi-
nal is a factor of K greater than the pull-up reference
current, wherein the pull-down current mirror is config-
ured such that the current sunk from the output terminal
is a factor of H greater than the pull-down reference cur-
rent.

[0082] Example 7. The current-mode gate driver of any
one of the preceding examples, wherein the adjustable
current generator comprises: an amplifier having a non-
inverting input, an inverting input and an amplifier output;
an adjustable current generator switch having a control
terminal coupled to the amplifier output, a first terminal
coupled to an inverting input of the amplifier, and a sec-
ond terminal, wherein a current having the reference cur-
rent level flows through the adjustable current switch.
[0083] Example 8. The current-mode gate driver of ex-
ample 7, wherein the non-inverting input is coupled to a
reference voltage, the inverting input is coupled to the
analog current-setting terminal which is configured for
coupling to an external programming resistor, and the
reference current level is set based on the reference volt-
age and a resistance of the external programming resis-
tor.

[0084] Example 9. The current-mode gate driver of ex-
ample 7, wherein the inverting input is coupled to a
ground via a programming resistor, the non-inverting in-
put is coupled to the analog current-setting terminal
which is configured for coupling to an external reference
voltage, and the reference current level is based on the
external reference voltage and a resistance of the pro-
gramming resistor.

[0085] Example 10. The current-mode gate driver of
any one of examples 1 to 6, wherein the analog current-
setting terminal is configured for connection to an exter-
nal current source, and the reference current level is set
by a current of the external current source.

[0086] Example 11. The current-mode gate driver of
any one of examples 1 to 6, wherein the analog current-
setting terminal is configured to input a pulse-width-mod-
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12

ulated (PWM) signal having a first frequency, and where-
in the adjustable current generator includes a frequency-
to-current converter configured to convert the first fre-
quency into a current having the reference current level.
[0087] Example 12. The current-mode gate driver of
example 1, wherein the analog current-setting terminal
is configured to input a pulse-width-modulated signal
having a constant frequency and a first duty cycle, and
wherein the adjustable current generator is configured
to convert the first duty cycle into a current having the
reference current level.

[0088] Example 13. The current-mode gate driver of
example 12, wherein the adjustable current generator
includes a low-pass filter which filters the PWM signal
and outputs a programming voltage or a programming
current which determines the reference current level.
[0089] Example 14. A current-mode gate driver sys-
tem, comprising: a controller configured to provide a gate
current control parameter at a control output, the current
control parameter being one or more of a control voltage,
a control current, or a control resistance; a power device
comprising a gate terminal that controls conduction be-
tween a first power device terminal and a second power
device terminal; and a current-mode gate driver circuit
according to any one of examples 1 to15, wherein the
analog current-setting terminal of the current-mode gate
driver circuit is coupled to the control output of the con-
troller; and wherein the output terminal of the current-
mode gate driver circuit is coupled to the gate terminal
of the power device.

[0090] Example 15. A method within a current-mode
gate driver circuit that comprises an analog current-set-
ting terminal, an adjustable current generator, an output
terminal for coupling to a gate terminal of a power device,
an output stage, and an input control terminal for switch-
ing the output stage, the method comprising: inputting a
voltage or current level at the analog current-setting ter-
minal; setting a reference current level that follows the
input voltage or current level; setting a current drive level
for the output stage based upon the reference current
level; driving a current having the current drive level from
the output stage to the output terminal; and switching the
output stage based upon a control signal provided at the
input control terminal.

[0091] As used herein, the terms "having," "contain-
ing,""including," "comprising," and the like are open-end-
ed terms that indicate the presence of stated elements
or features, but do not preclude additional elements or
features. The articles "a," "an" and "the" are intended to
include the plural as well as the singular, unless the con-
text clearly indicates otherwise.

[0092] Itis to be understood that the features of the
various embodiments described herein may be com-
bined with each other, unless specifically noted other-
wise.

[0093] Although specific embodiments have been il-
lustrated and described herein, it will be appreciated by
those of ordinary skill in the art that a variety of alternate
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and/or equivalent implementations may be substituted
for the specific embodiments shown and described with-
out departing from the scope of the present invention.
This application is intended to cover any adaptations or
variations of the specific embodiments discussed herein.

Claims

1. A current-mode gate driver circuit, comprising:

an analog current-setting terminal (110);

an adjustable current generator (230) having an
input coupled to the analog current-setting ter-
minal (110) and configured to generate a refer-
ence current level that follows a voltage or cur-
rent level at the analog current-setting terminal
(110);

an output terminal (120) for coupling to a gate
terminal (G) of a power device (QpywR);

an output stage (270) configured to drive the out-
put terminal (120) based upon the reference cur-
rent level; and

an input control terminal (112) for switching the
output stage (170; 270),

wherein the output stage (270) comprises a pull-
up current mirror (282) coupled in series with a
pull-up switch device (Qct_ py) or a pull-down
current mirror (292) coupled in series with a pull-
down switch device (Qet, pp):

wherein the pull-up switch device (Qct,. py) pro-
vides a switchable connection between the pull-
up current mirror (282) and the output terminal
(120), and wherein the pull-up current mirror
(282) is configured to source a current (Ip)), to
the output terminal (120) and through the pull-
up switch device (Qct. py), based upon the ref-
erence current level,

wherein the pull-down switch device (Qct. pp)
provides a switchable connection between the
pull-down current mirror (292) and the output
terminal (120), and wherein the pull-down cur-
rent mirror (292) is configured to sink a current
(Ipp), from the output terminal (120) and through
the pull-down switch device (Qct pp), based
upon the reference current level, -
characterized in that

the adjustable current generator (230) provides,
to the pull-up current mirror (282), a pull-up ref-
erence current (Iggr py) that is a factor of M
greater than a reference current (Iprog) having
the reference current level, and provides, to the
pull-down current mirror (292), a pull-down ref-
erence current (Ixer pp) that is a factor of N
greater than the reference current,

M and N are different,

the pull-up current mirror (282) is configured
such that the current (lp;) sourced to the output
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terminal (120) is a factor of K greater than the
pull-up reference current (Iggr py). and

the pull-down current mirror (292) is configured
such that the current (lpp) sunk from the output
terminal (120) is a factor of H greater than the
pull-down reference current (Ixgg pp)-

2. The current-mode gate driver of claim 1, wherein the
adjustable current generator (230) comprises:

an amplifier (240) having a non-inverting input,
an inverting input and an amplifier output;

an adjustable current generator switch (Q4) hav-
ing a control terminal coupled to the amplifier
output, a first terminal coupled to an inverting
input of the amplifier (240), and a second termi-
nal,

wherein a current (Iprpg) having the reference
current level flows through the adjustable cur-
rent switch (Q4).

3. The current-mode gate driver of claim 2, wherein

the non-inverting input is coupled to a reference
voltage (Vrgp),

the inverting input is coupled to the analog cur-
rent-setting terminal (110) which is configured
for coupling to an external programming resistor
(Rprog), and

the reference current level is set based on the
reference voltage (Vrgr) and a resistance of the
external programming resistor (Rprog)-

4. The current-mode gate driver of claim 2, wherein

the inverting input is coupled to a ground via a
programming resistor (Rprog)

the non-inverting input is coupled to the analog
current-setting terminal (110) which is config-
ured for coupling to an external reference volt-
age (Vprog), and the reference current level is
based on the external reference voltage
(Vprog) and a resistance of the programming
resistor (Rprog)-

5. The current-mode gate driver of claim 1, wherein the
analog current-setting terminal (110) is configured
for connection to an external current source (411),
and the reference current level is set by a current of
the external current source (411).

6. The current-mode gate driver of claim 1,

wherein the analog current-setting terminal is
configured to input a pulse-width-modulated
(PWM) signal having a first frequency, and

wherein the adjustable current generator (530)
includes a frequency-to-current converter (542)
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configured to convert the first frequency into a
current (Iprog) having the reference current lev-
el.

The current-mode gate driver of claim 1,

wherein the analog current-setting terminal is
configured to input a pulse-width-modulated
(PWM) signal having a constant frequency and
a first duty cycle, and

wherein the adjustable current generator (630)
is configured to convert the first duty cycle into
a current (lpgrpg) having the reference current
level.

The current-mode gate driver of claim 7, wherein the
adjustable current generator (630) includes a low-
pass filter (644) which filters the PWM signal and
outputs a programming voltage or a programming
currentwhich determines the reference currentlevel.

A current-mode gate driver system, comprising:

a controller (703) configured to provide a gate
current control parameter at a control output, the
current control parameter being one or more of
a control voltage, a control current, or a control
resistance;

a power device (Qpyyr) comprising a gate ter-
minal that controls conduction between a first
power device terminal and a second power de-
vice terminal; and

a current-mode gate driver circuit (200) accord-
ing to any one of claims 1 to 8,

wherein the analog current-setting terminal
(110) of the current-mode gate driver circuit is
coupled to the control output of the controller;
and

wherein the output terminal (120) of the current-
mode gate driver circuit is coupled to the gate
terminal of the power device (QpyR)-

10. A method within a current-mode gate driver circuit

that comprises an analog current-setting terminal
(110), an adjustable current generator (230), an out-
put terminal (120) for coupling to a gate terminal of
a power device (QpyR), an output stage (270), and
an input control terminal (112) for switching the out-
put stage (270), the method comprising:

inputting a voltage or current level at the analog
current-setting terminal (110);

setting a reference current level that follows the
input voltage or current level;

setting a current drive level for the output stage
(270) based upon the reference current level;
driving a current having the current drive level
from the output stage (270) to the output terminal
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(120); and

switching the output stage (270) based upon a
control signal (V1) provided atthe input control
terminal (112),

wherein the output stage (270) comprises a pull-
up current mirror (282) coupled in series with a
pull-up switch device (Qc1 py) or a pull-down
current mirror (292) coupled in series with a pull-
down switch device (Qc1. pD)

wherein the pull-up switch device (Qct,. py) Pro-
vides a switchable connection between the pull-
up current mirror (282) and the output terminal
(120), and wherein the pull-up current mirror
(282) is configured to source a current (lp), to
the output terminal (120) and through the pull-
up switch device (Qct. py), based upon the ref-
erence current level,

wherein the pull-down switch device (Qc1. pp)
provides a switchable connection between the
pull-down current mirror (292) and the output
terminal (120), and wherein the pull-down cur-
rent mirror (292) is configured to sink a current
(Ipp), from the output terminal (120) and through
the pull-down switch device (Qct pp), based
upon the reference current level, -
characterized in that

the adjustable current generator (230) provides,
to the pull-up current mirror (282), a pull-up ref-
erence current (Iggr py) that is a factor of M
greater than a reference current (Iogog) having
the reference current level, and provides, to the
pull-down current mirror (292), a pull-down ref-
erence current (Iger pp) that is a factor of N
greater than the reference current,

M and N are different,

the pull-up current mirror (282) is configured
such that the current (Ip) sourced to the output
terminal (120) is a factor of K greater than the
pull-up reference current (Iggr py). and

the pull-down current mirror (292) is configured
such that the current (Ipp) sunk from the output
terminal (120) is a factor of H greater than the
pull-down reference current (Irgr pp)-
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